Cells have to cope with stressful conditions and have to adapt to changing environments. Heat-stress, heavy metal ions or UV stress induce aggregation of the cellular proteins and disturb the protein homeostasis. A subset of protective proteins called chaperones is expressed upon extreme conditions in order to prevent aggregation of cellular proteins. Even under physiological conditions these chaperones support the folding of client proteins. The chaperones are classified according to their molecular weight. In eukaryotes Hsc70 folds proteins during and after ribosomal synthesis, whereas Hsp90 and TRiC act only posttranslationally. These chaperones cycle through different conformational states triggered by the hydrolysis of ATP. A close cooperation of these and further chaperone classes is observed during restoration of protein homeostasis. Also mutations generating instable proteins, which are observed in numerous human diseases as Alzheimers disease, Chorea Huntington, amyotrophic lateral sklerosis and cystic fibrosis, can challenge the protein homeostasis system. Thus a better knowledge of how chaperones are regulated will lead to a improved understanding of these diseases' origin and potential targets in therapeutical approaches.
containing structure is organized by the autophagic system, a tightly regulated pathway to remove organelles and other large particles in a regulated manner from the cell [37] . Interestingly, the import of proteins into the lysosomal matrix also requires the participation of chaperone proteins, highlighting even further connections between these pathways.
The Role of Molecular Chaperones in Cellular Quality Control
Molecular chaperones are structurally diverse proteins, which help other proteins obtain their native fold [38, 39] . They assist during the folding process and prevent formation of unproductive intermediates. Their concentration is highest in the endoplasmic reticulum of protein secreting cells, but their functional diversity is most extensive in the cytosol. The cytosolic chaperones of higher eukaryotes are grouped in major classes based on their size and homologies and can be seen as individual machineries to perform protein folding tasks [40, 41] : Hsp60s/CCT/TriC, Hsp70s/Hsp40s, small heat shock proteins (sHSPs), ClpX/Hsp100s, Hsp110s and Hsp90s ( Figure  2 ). The functions of these proteins have been studied in detail in the last decades and mechanistic knowledge has been obtained. In many cases models where developed to understand the operation principle of these machines during protein folding.
Hsp60/Chaperonin-System and caged Protein folding
The best studied molecular chaperone is the bacterial ring-like assembly of GroEL/GroES, which belongs to the group of chaperonins.14 subunits of GroEL and the lid shape subunits of GroES form a barrel like structure ( Figure 3 ) that encapsulates unfolded proteins and supports their refolding in an isolated environment [42] [43] [44] [45] . The extent of contact between unfolded protein and GroEL and the participation of certain loop structures of GroEL is under discussion [46, 47] . In vitro GroEL refolds proteins after addition of ATP solely by itself and the support of its lidforming subunit GroES [42] . GroEL folds about 35% of the bacterial proteins [14, 48] . In eukaryotes GroEL is only found in mitochondria, while the cytosol contains a related but distinct protein, called TriC/CCT, composed of 8 different subunits and devoid of a lid-like cofactor [49] [50] [51] .. TRiC hydrolyses ATP in a sequential manner,in contrast to GroEL, which does so in a concerted way [52] . Also other aspects are different, like the absence of extensive hydrophobic regions in the inner chamber of TriC [53] and the observation that closing of the folding chamber occurs upon ATP-hydrolysis, not by client protein binding [54, 55] . In general, TriC appears to be much more restricted in respect to its substrate spectrum and also is barely induced upon heatshock [56, 57] . Substrates of TriC are cytoskeletal proteins as actin and tubulin, but in general TriC only appears to fold 5-10% of the eukaryotic proteins [57, 58] . The contribution to cellular quality control and proteostasis nevertheless becomes evident in nematodes, where, the reduction of TriC-levels leads to the induction of the heat-shock response in muscle cells [59] . While this hints to functions of TriC in muscle cells, it does not exclude the similar involvement in other cell types.
Hsc70/Hsp40 and refolding to the native state
Hsp70 proteins are involved in most folding processes in eukaryotic cells. The human genome encodes 13 Hsp70s in the cytosolic compartment [60] . All Hsp70s contain an N-terminal ATP binding site (Figure 4 ) in the nucleotide binding domain (NBD), a substrate binding domain (SBD) and a C-terminal lid region, which covers the substrate binding groove of the SBD [61] [62] [63] . During ATP hydrolysis a linker region transmits the information from the NBD to the substrate binding domain [64] [65] [66] . The positioning of the lid-domain further is controlled by the hydrolysis reaction, shifting between a closed and a widely open position [67] [68] [69] . The substrate proteins can bind to the ATP-complexed form of the chaperone, but after hydrolysis the substrate-lid is closed to form a stable Hsp70-substrate complex [64] . This complex is then slowly resolved by dissociation of ADP and substrate [70, 71] . Nucleotide binding to Hsc70 is very tight, with dissociation constants in the nanomolar range [72, 73] . Dissociation of the nucleotide thus is accelerated by nucleotide exchange factors (NEFs, see Figure 2 and 4). Several proteins have been shown to exert this function. One class of NEFs interacts with their BAG-domain with the NTD of Hsp70s and supports the release of the nucleotide [74] . Another class of Hsp70-interacting proteins, including Hsp40s, contains Jdomains. The J-domain binds at the interface of the N-terminal domain and the SBD of Hsp70s ( Figure 4 ) and accelerates nucleotide hydrolysis, while slowing down the release of ADP [75] [76] [77] . This complex may be required during transfer of the protein substrate from Hsp40s to Hsp70. It is evident from in vitro folding assays, that the presence of Hsp40 proteins is required for efficient refolding of denatured proteins by Hsc70. Hsp70s also play a major part in folding reactions in the endoplasmatic reticulum and other compartments, helping to transport proteins across membranes. Thus it is not very surprising to see strong induction of the heat-shock response in response to Hsc70 depletion [59] . Even the reduction of compartment-resident Hsp70s leads to disruption of cytosolic proteostasis, implying that disruption of transport processes may also affect the sensitive balance [59] . Further cofactors bind to the C-terminal tail of cytosolic Hsp70-proteins and influence the substrate specificity of the chaperone. Interesting in the context of protein quality control also is the protein CHIP, which couples an Hsc70-interacting TPR-domain to an E3-ligase domain [78] and influences to what extent proteins are refolded with the help of Hsc70 or degraded by contacts to the ubiquitin system. It is thought that CHIP, like the ubiquitin-like domain containing protein BAG1 provides a bridge between the chaperone-based protein folding system and the protein degradation system regulated by ubiquitin and ubiquitin-attachment proteins [79] [80] [81] . Thus Hsc70s are involved in many aspects of cellular quality control and are responsible for triage decisions to favor refolding or degradation pathways [82] .
Small Heat Shock Proteins and Control of Aggregation
Besides Hsp40s, small heat shock proteins are the only non-energy consuming chaperone class. Small heat shock proteins possess an extraordinary ability to bind unfolded peptide chains and suppress their aggregation [83, 84] . In humans small heat shock proteins are found in the eye lense (α-crystallin) and in muscular tissues. Altogether 10 proteins of this class are encoded [85] . The misfolded peptide chain stays attached to the small heat shock protein and is released only after contact with chaperone proteins of the Hsp40-Hsp70 system [86, 87] . The binding site for unfolded peptides is not entirely clear, and it is assumed that the oligomerisation state of the small heat shock protein controls the chaperone activity [88, 89] . Furthermore the chaperone activity is regulated via temperature-dependent switches or phosphorlyation [90] . Small heat shock proteins, like α-crystallin, exist in the eye lens, where protein stability is important for the functionality of the optical system and protein life has to exceed the organismal lifetime to enable vision throughout life.
Disaggregases for Protein Aggregates
Only in lower eukaryotes, in bacteria and mitochondria, Hsp100 proteins form another class of ATP-driven folding machines. Hsp100 proteins are prominent in bacteria (ClpB) and yeast (Hsp104), but are not found in the cytosol of higher eukaryotes. Hsp100s are AAA-ATPases with two nucleotide-binding sites. They form hexameric ring-like structures and many studies suggest that they perform unfolding reactions by pulling protein chains through an inner hole in their donut-like structure [91] [92] [93] . Mechanistic details of this reaction have not been elucidated yet, but this event may allow the protein to perform an effective folding reaction afterwards [91, 92, 94] . It is well described that the Hsp70-Hsp40 system participates in the refolding of unfolded proteins in cooperation with the Hsp100 proteins [95, 96] . While the above mentioned system only is present in yeasts, in higher eukaryotes apparently an Hsp110 based system performs the disaggregation function in contact with aggregates. This activity requires also Hsp70 and Hsp40. Interestingly, Hsp110 itself is a homolog of Hsc70, but apparently has evolved to cooperate with normal Hsp70 during this aggregate based folding reaction. Hsp110s, enlarged by certain loop structures compared to Hsp70, perform holdase functions on client proteins and do not hydrolyse ATP. [97] [98, 99] . They bind to Hsc70 and also accelerates the release of the nucleotide from the chaperone [100] [101] [102] .
Hsp90 and Stabilization of Metastable Clients
Among the described chaperones Hsp90 may have a special role as it is not thought to interact with unfolded or aggregating proteins, but is required to stabilize folded, metastable proteins or intermediates. Hsp90 is a dimeric V-shaped machine, which contains two ATP-binding sites at the respective N-termini, a 30 kDa middle domain and a C-terminal dimerization site [103, 104] . Large conformational changes happen during ATP hydrolysis ( Figure 5 ). Defined structural intermediates are formed, which are required to initiate the hydrolysis reaction in the Hsp90 protein [105] . These intermediates are ring-like structures, which are dimerized not only at the Cterminal site, but also at the N-terminal nucleotide binding domain [103] . Substantial structural insight into these processes has been obtained from the crystal structures of the "open" and "closed" conformations of Hsp90, highlighting the mechanism of the ATPase reaction in atomic detail. ATP-binding and hydrolysis are required to stabilize the client proteins and prevent their degradation by the ubiquitin/proteasom system. Steroid hormone receptors are Hsp90 clients, as they depend on the chaperone to obtain their hormone binding state [106] . In the absence of Hsp90 they are degraded very fast [107] . Hsp90 also forms complexes with protein kinases [108] [109] [110] , which are targeted for degradation in the absence of Hsp90. Its requirement to stabilize important client proteins, which among many others include oncogenic protein kinases and transcription factors (full list at www.hsp90.org), has led to a rush to develop Hsp90 inhibitory molecules. Natural compound inhibitors are described like radicicol, geldanamycin and several variants of geldanamycin, like macbecin and herbimycin [111] [112] [113] . These compounds strongly bind to the N-terminal domain of Hsp90, preventing ATP from accessing its binding pocket [114, 115] . The resulting inhibition disrupts the Hsp90-client protein complexes and leads to fast degradation of Hsp90 client proteins, and thus might bare the potential to inhibit tumor growth in cases, where tumors depend on a mutated protein kinase or transcription factor [113] . For Hsp90 cofactors exist, which control the hydrolysis reaction and the conformational states during the ATPase cycle ( Figure 5 ). Beyond ATPase control these proteins are further important for the correct folding and stability of defined Hsp90 client proteins. p23 and Sti1/Hop are supportive during the activation of steroid hormone receptors [116, 117] . Likewise the kinase specific Hsp90-cofactor Cdc37 is required for the formation of Hsp90-kinase complexes [118] [119] [120] [121] . Thus the further functionalization of the Hsp90 machine depends on these proteins, which also control the ATPase rate, as exemplified by the protein Sti1/Hop, which is the best studied protein inhibitor of the Hsp90 ATPase and a adapter protein to connect the Hsp90 and Hsc70 machineries. A strong increase in Hsc70 or Hsp90 interacting TPR-domain proteins can be observed in mammals, suggesting that the further development of Hsp90-dependent functions was driven by evolution [122] .
Protein aggregation diseases and Neurodegeneration
Aggregation of proteins occurs in vitro and in vivo. In many cases the aggregating proteins in the cell show features, which also make them unstable in vitro. Aggregation in vivo can occur spontaneously, if proteins do not fold correctly or are intrinsic unstable, a phenomenon often observed upon heterologous expression of proteins in bacteria [123, 124] . In particular mutations generating instable proteins are the basis of human protein aggregation pathologies, most of them neurodegenerative diseases [125] . As such destabilizing SOD1-mutations are responsible for specific forms of Amyotrophic Lateral Sklerosis [126, 127] , huntingtin mutations are responsible for Huntington's disease [128, 129] and mutations in the Aβ peptide of the APP protein [130, 131] or the microtubule associated tau protein are strongly linked to Alzheimer's disease [132] [133] [134] [135] . In many of these aggregates, aggregation-prone proteins are deposited in the form of β-sheet containing amyloids, but in all cases it is still unclear what the origin of toxicity during the aggregation process is. One class of proteins, which associates with and helps to remodel aggregates are the molecular chaperones. These proteins, mainly the Hsp100-proteins ClpB in bacteria and Hsp104 in yeast, are able to extract peptide chains from aggregates and -together with Hsp40 and Hsp70 -initiate the refolding of these proteins [136, 137] . Hsp104 is found associated with assemblies of unfolded proteins independent of the association strength of the unfolded proteins [138] . Despite the potential positive impact of these actions, in particular toxicity of polyglutamine proteins in yeast is reduced and higher expression levels of these proteins are tolerated in the absence of Hsp104, implying that the beneficial effect is limited [139, 140] . In higher eukaryotes, where no Hsp104-like homolog is encoded, the association of Hsc70 and Hsp40 with protein aggregates is well described [141, 142] . Likewise extensive interactions between different chaperone classes and protein aggregates are described in yeast [143, 144] . Also Hsp110-proteins, which are homologous to Hsp70s appear to be able to act as disaggregases in higher eukaryotes [98, 145] . It therefore is likely that in all eukaryotes systems exist that are able to reextract proteins from aggregates in order to refold them. Recent studies in aggregation models confirm that aggregation is facilitated, if chaperone systems are overwhelmed by other destabilized proteins in the cellular environment [146] [147] [148] . This becomes evident if Hsf1, Hsc70 or other chaperones are downregulated in polyglutmaine-model systems in nematodes. Here, a faster aggregation process can be observerd, if HSc70 or Hsf1 are depleted [149] , likewise a stronger effect on motility loss can be observed in neuronal SOD1-model systems after reduction or depletion of Hsf1 and certain Hsp40 homologes [150] .
Chaperones, Quality Control and Misfolding Diseases
Besides neurodegenerative diseases chaperones also participate in general protein misfolding events in the cell and thus are involved in protein misfolding diseases. In particular two examples highlight this contribution: the misfolding of the CFTR-receptor, leading to cystic fibrosis and the recycling process of filamin, which is involved in the generation of myopathies. It is well known that mutations in the receptor and chlorid channel CFTR can lead to cystic fibrosis. In many cases, like for the F508 mutant the protein is expressed, but it fails to reach the plasma membrane in a correctly folded state. Instead it gets produced, but due to misfolding it eventually gets degraded. This process is closely related to the function of Hsp90, which together with its cofactor Aha1 serves quality control functions for CFTR. Misfolded CFTR is degraded only in the presence of Aha1, and reductions in the level of Aha1 lead to less degradation and more functional CFTR on the surface of the plasma membrane [151] . Thus the reduction in quality control components in this particular case may prove benefical for the health of the patients. There certainly are many more examples, in which the chaperones and the cellular quality system are connected to the severity of diseases making the cellular proteostasis system a promising target for drug development. One such case, where chaperones participate in cellular quality control is evident during the progression of myopathies. Hsp90 together with its cofactor UNC-45 participates in processes, which guarantee the assembly and functionality of the actin-myosin ultrastructure [152, 153] . Therein Hsp90 and UNC-45 help during the assembly of the myosin filaments and in their absence myosin tends to form intracellular aggregates, eventually leading to failure of the function and loss of motility in nematodes, fruit flies, zebra fish and possibly also mammals [154, 155] . Another chaperone associated process leads to the recycling of filamin at the muscular attachment sites. Here Hsc70, the cofactor Bag3 and CHIP mark damaged filamin proteins, which then are degraded by autophagy and replaced. This process, termed CASA, is controlled by the chaperones, which recognize the damaged protein and target it to the autophagosomes [156, 157] . The 400 kDa filamin cannot be normally processed by the proteasome, thus the cellular quality control system has to take alternative routes to remove the protein and replace it by a new functional version.
Summary
Nature has provided the cell with a set of systems to control the quality of the cellular protein pool. These proteostasis systems include the folding helpers, the degradation system for soluble proteins based on ubiquitin attachment and proteasomal degradation and the different versions of autophagic pathways. In all of these cases the chaperone proteins, most prominently the Hsc70 system play a major role. It is interesting to note that the different chaperone classes hydrolyse ATP in vastly different mechanisms, but always coupling conformational changes to the hydrolysis reaction. It appears that these proteins comprise a set of machines, which perform defined movements, which substrate proteins have evolved to utilize for their folding needs. While some proteins are entirely dependent on these machines during folding, others may only improve their folding efficiency to a certain extent. Nevertheless, all these chaperone-systems are essential in nematodes, implying that the extent the cellular proteins depend on these movements to ensure folding and quality control go beyond efficiency improvement and comprise a very important part of the cellular protein homeostasis system. Learning to influence this system will be a great step forward in targeting the many diseases that originate from impaired quality control systems. Figure 2 . Cellular proteostasis system to control the production and folding of cytosolic proteins. Shown are the Ribosome-associated chaperones and the "free" chaperones TriC, Hsc70, Hsp90, Hsp110, sHsps, which control protein homeostasis in the cytosol. Several pathways are described, which lead from misfolded, aggregated or stabilized proteins to the native fold. 
